The action of adrenaline, ephedrine, tyramine and acetylcholine on the tone of the alimentary canal of the earthworm is considered in relation to the effects of nerve stimulation described in a previous paper. The similarity between the effect of the drugs and nerve action indicates that the antagonistic groups of nerves which indirectly influence the tone of the gut are probably oholinergic and adrenergic. The indication of cholinergic nerves is confirmed by further, more direct, experimental evidence. The remarkable similarity which has been shown to exist between the type of indirect control of the gut in the earthworm and vertebrates is thus extended. The results of the experiments are considered in relation to those described by workers on other Invertebrates, and significant indications of a type of chemical transmission in earthworm remarkable in its similarity to that seen in vertebrates are described.
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The action of adrenaline, ephedrine, tyramine and acetylcholine on the tone of the alimentary canal of the earthworm is considered in relation to the effects of nerve stimulation described in a previous paper. The similarity between the effect of the drugs and nerve action indicates that the antagonistic groups of nerves which indirectly influence the tone of the gut are probably oholinergic and adrenergic. The indication of cholinergic nerves is confirmed by further, more direct, experimental evidence. The remarkable similarity which has been shown to exist between the type of indirect control of the gut in the earthworm and vertebrates is thus extended. The results of the experiments are considered in relation to those described by workers on other Invertebrates, and significant indications of a type of chemical transmission in earthworm remarkable in its similarity to that seen in vertebrates are described.
I n t r o d u c t io n
The evidence presented in a preceding communication (1943) has shown that the alimentary canal of the earthworm, although exhibiting autonomous movements, apparently controlled by nerve elements in the gut wall, is indirectly controlled by two groups of visceral nerves which arise from the central nervous system and exert antagonistic effects on the tone of the alimentary musculature. In its broad outlines, therefore, the system of control is strikingly similar to that of the verte brate gut, which is directly controlled by nerve plexuses within its walls, and, indirectly, by sympathetic and parasympathetic nerves exerting antagonistic effects.
It has long been known that many of the effects of sympathetic and para sympathetic stimulation can be faithfully reproduced by drugs, notably adrenaline and acetylcholine. Such observations form the basis on which the theory of chemical transmission in vertebrates was developed.
The action of acetylcholine and adrenaline in annelids has already been described by many workers, notably Gaskell (1914) , Wells (1939 cl, b) , and Wu (1939 a' The work of the last is particularly interesting, since it deals with the response of the excised earthworm gut to various concentrations of acetylcholine and adrenaline. These responses are not considered, however, in relation to the an tagonistic responses evoked by stimulation of the segmental nerves under the conditions I described in a previous paper (1943) .
In seeking evidence of chemical transmission in earthworm, it is therefore appropriate to commence by considering the effect of sympatheticomimetic and parasympatheticomimetic drugs on the tone of the gut, in relation to the effects » of nerve stimulation described in a previous paper. An attempt will then be made to substantiate the conclusions drawn from these experiments by further, more direct, experiments.
T h e a c t io n o f s y m p a t h e t ic o m im e t ic d r u g s -a d r e n a l i n e , EPHEDRINE AND TYRAMINE

Methods
The earthworm, Lumbricus terrestris,was chiefly used in t ments.
Allolobophora longa was sometimes used, but no significant difference in behaviour was observable.
Worms were opened up in the mid-dorsal line, and in each series of experiments one of the various regions of the gut was attached to the recording lever. About 0-02 c.c. of a solution of the drug in Ringer was injected into one of the hearts. The injection was made with a hypodermic syringe fitted with a glass nozzle, prepared by drawing out to an exceedingly fine point, a short length of 3 mm. diameter glass tubing, the final stages of drawing being performed over a match flame. The glass tubing was attached to the body of the hypodermic syringe by a piece of rubber tubing, the length of which was varied according to the disposition of the apparatus, but it was always long enough to permit the body of the syringe to rest on the bench, leaving both hands free to manipulate the nozzle. This was inserted into one of the hearts of a worm opened up under a binocular microscope.
The solutions used were prepared in the following ways. The adrenaline solution was made up from the solid ' Adrenalina' B.P. of British Drug Houses, Ltd., or 'Soloid' of Messrs Burroughs Wellcome and Co.; the former was dissolved in ordinary Ringer, the latter in Ringer buffered to H 6-64 with Sorensen buffer (the amount of buffer used was such that the injected solution had only 1 % more sodium ions than ordinary Ringer). Solutions of ephedrine and tyramine were prepared by dissolving the solids in Ringer.
The effect on various regions of the gut of injecting about 0-02 c.c. of 1:1,000,000 solution of adrenaline is shown in figures 1, 2, 5 and 6. The effect of injecting the same amount of a 1:5000 solution of ephedrine on the tone of the oesophagus and crop is shown in figures 7 and 8, and the effect of injecting 1 : 13,000 tyramine on the oesophagus in figure 9 . The injection of adrenaline (indicated by signal) was followed by a fall in tone of the oesophagus, gizzard and intestine, but the crop sometimes responded with a distinct rise in tone, though more often with a fall (figure 2). Thus, in a series of twelve experiments, the crop responded to the injec-tion of adrenaline with a rise in four instances, and by a fall in the remaining eight. Since all the experiments were performed under precisely the same conditions, it is not possible to suggest any experimental conditions which might have favoured a rise or fall in tone in each instance. F ig u r e 1. O esophagus: 1:1,000,000 ad renaline F ig u r e 2. C rop: 1:1,000,000 adrenaline.
F ig u r e s 3, 4. C ontrols, w ith crop a n d gizzard (respectively), R inger injected.
F ig u r e 5. G izzard: 1 :1,000,000 adrenaline.
F ig u r e 6. In te s tin e : 1:1,000,000 adrenaline. Injection of ephedrine or tyramine is followed by a fall in tone, but the effect of the latter drug was studied on the oesophagus alone, that of the former on the oesophagus and crop.
Since the drugs were injected into the vascular system of a whole worm, they could become widely distributed, and therefore it could be argued that the fall in tone which is registered need not necessarily be due to a change in tone of the gut musculature, but might be due to the response of other effectors such as the muscles of the body wall and septa. In order to check this possibility, a series of control experiments was performed, in which the diameter of the oesophagus was measured before and after the injection of adrenaline. Worms were opened up under a binocular microscope fitted with a squared eyepiece, the body wall was firmly pinned out, the septa being stretched, but to avoid damage to the blood system of this region they were not cut. The results of three such experiments are given in table 1, the measurements being expressed in arbitrary units. Table 1 diam eter of oesophagus in a rb itra ry u n its The possibility of the increase in diameter being due to an outward pull exerted by the septal muscles on either side is eliminated by direct observation, for if the gut is examined during and after injection, it is seen that the increase in diameter is by no means more pronounced at the point of insertion of the septal muscles, but on the contrary it is the intervening portions which dilate more actively. Such an effect would not be observed were the septal muscles responsible for the effect.
Thus adrenaline brings about a true inhibition of the gut.
Since Smallwood (1923) believes that the blood vessels are accompanied by a fine nerve plexus, it is possible that the process of injection may stimulate these nerves. However, control experiments show that such stimulation is not the cause of the fall in tone of the gut. Two such experiments are shown in figures 3 and 4 . The solution of the drug was replaced by Ringer, which was injected under exactly the same conditions as in the foregoing experiments. The injection did not bring about any significant change in tone, and thus the change in tone observed in the foregoing experiments must be due to the drugs. Wu (1939a) obtained different results with adrenaline on the earthworm gut. He states that the oesophagus responds to adrenaline, even in concentrations as low as 1:10,000,000, by a rise in tone. The crop, gizzard and intestine are described as having a variable behaviour towards adrenaline, concentrations above 1:100,000 usually caused a decrease in tone, those below, an increase.
Thus when the effects of similar concentrations of adrenaline are compared in the two sets of experiments, there is a sharp difference, for whereas in the majority of cases described by Wu, 1 :1,000,000 adrenaline causes an increase in tone of the crop gizzard and intestine, in the experiments on the same regions of the gut described here (with the sole exception of the four described on p. 363), 1 :1,000,000 adrenaline causes a fall in tone. This difference may possibly be related to the different technique employed in the two sets of experiments, for Wu did not record the changes in tone of portions of the intact gut, but of an isolated piece, suspended vertically in a bath of special design (Wells 1937a) . Consequently in Wu's experi ments the movements directly recorded were those of the longitudinal muscles, whereas in the experiments described here the movements directly recorded were those of the circular gut muscles. These results therefore may possibly indicate reciprocal innervation of the circular and longitudinal muscles. Again, in Wu's experiments, the drug approached its seat of action by diffusion from the surround ing fluid in the bath, but in the experiments described here the drug approached its seat of action via the vascular system.
The effect of ephedrine resembles that of adrenaline (figures 7, 8) . This resem blance is also described by Wu in the case of the buccal cavity and pharynx, and crop and gizzard, which he found to react to ephedrine (1:10,000-1:100,000) in the same way as to the stronger solutions of adrenaline (down to 1:100,000). Several workers on vertebrates (see Gaddum 1938) , in addition to describing similarities in the action of the two drugs, also found that low concentrations of ephedrine potentiate the action of adrenaline. Wu also found this to be so in the earthworm, and suggests that the action of ephedrine by itself may possibly be due to its potentiating effect on the action of an adrenaline-like substance already present (p. 190), comparing this action of ephedrine with that of eserine when administered alone. However, it must be noted that the potentiating effect of eserine is held to depend on its inhibiting action on an enzyme which destroys acetylcholine (Dale 1914; Englehart & Loewi 1930; Matthes 1930; Plattner & Hunter 1930; etc.) . This enzyme is easily demonstrable in the earthworm (see below), but amine oxidase, which has been suggested as the enzyme responsible for the destruction of adrenaline and related compounds, and which is inhibited by ephedrine, as shown by Blaschko, Richter & Schlossman (1937) , and Gaddum (1938), has not been found in the earthworm (Blaschko et al. 1937) .
The similar action of tyramine (figure 9) and adrenaline is also in harmony with their action in vertebrates.
The action of parasympatheticomimetic drugs-acetylcholine
Methods
In the majority of experiments the technique was the same as that employed in the experiments with adrenaline. The solution of acetylcholine was obtained by dissolving acetylcholine chloride or bromide (B.D.H.) in phosphate solution in the usual way. In virtue of its stability, the latter was used as a stock solution, being diluted to a strength of 1:1,000,000 by addition of Ringer immediately before use. When eserine was used, the solution was prepared by dissolving sufficient physostigmine salicylate or physostigmine sulphate in Ringer, to make a 1 :10,000 solution. The drugs were injected in doses of 0*02 c.c.
In later experiments it was found expedient to replace the method of injecting acetylcholine after eserine by one in which the acetylcholine was discharged from a pipette directly on to the gut. It had been ascertained previously by means of controls, that administering the drug in this way produced an effect not signi ficantly different from that produced by injection. F ig ure 12. A, gizzard: 1:100,000 acetylcholine; B, rep etitio n of last experim ent a fter injection of 1 : 10,000 eserine. F ig ure 13. A, in testin e: 1:100,000 acetylcholine; B, rep etitio n of last experim ent after previous injection of 1 : 10,000 eserine.
Acetylcholine produced a rise in tone in all regions of the gut examined (figures 10-13). Control experiments in which the diameter of the oesophagus was mea sured before and after administration of acetylcholine were made as in the previous experiments with adrenaline. Two results, selected to illustrate the considerable range of variation of the effect, are shown in table 2.
It was found that the injection of eserine was sometimes, but not always, followed by a rise in tone of the gut, but even when not followed by a rise, sub sequent injection of acetylcholine produced a rise in tone which was both greater and more prolonged than when the latter was injected alone (compare figures 11 A, 11B). Eserine therefore exerts its usual potentiating effect on the action of acetylcholine.
T a b l e 2
One of th e h earts injected w ith ap p ro x im ately 0-02 c.c. 1 :10,000 eserine. A fter 5 min. a fu rth e r injection of 0*02 c.c. of a 1 : 1,000,000 solution of acetylcholine was given diam eter of oesophagus in a rb itra ry u n its The increase in tone produced by acetylcholine is also described by Wu (1939 a), who used a different technique (see p. 365). He also described a graded series of responses, varying with the concentration of the acetylcholine used.
It is noteworthy that the results do not suggest a reciprocal innervation like those described above.
Thus the effect of injecting acetylcholine is the opposite of that produced in most instances by adrenaline, and the antagonistic action of the two at once recalls that of the augmentor and inhibitor nerves previously described (1943) . This suggests that these nerves are cholinergic and adrenergic respectively. It must be borne in mind, however, that the administration of drugs by injection leads to their wide distribution through the body, making possible their action on peri pheral relays. The stimulating action of acetylcholine on sympathetic ganglia in vertebrates has been shown by Dale (1914) and Feldberg & Gaddum (1934) , and therefore, in experiments such as the foregoing, the possibility of the drugs acting on nerve cells which may be situated along the augmentor and inhibitor tracts, as well as on the effectors at the periphery, must always be borne in mind.
The experiments with acetylcholine and adrenaline have extended the resem blance already shown to exist between the gut of the earthworm and that of the vertebrates (Millott 1943) , for the effects of the augmentor and inhibitor nerves, like those of their counterparts in the vertebrates, can be produced by acetylcholine and adrenaline respectively. However, the fact that the effect of the augmentor and inhibitor nerves can be reproduced by acetylcholine and adrenaline is in sufficient to warrant the conclusion that these groups of nerves are cholinergic and adrenergic. Accordingly, further evidence was sought.
F u r t h e r e v id e n c e o f c h o l in e r g ic a u g m e n t o r n e r v e s
Many of the effects of acetylcholine in vertebrates are known to be abolished by atropine. If, therefore, the effect of stimulating the augmentor nerves is abolished by injection of atropine, it provides strong evidence that these nerves are cholin ergic.
It has been shown in a previous communication (Millott 1943 ) that the nerves which augment the tone of the gut traverse the ventral aspects of the septa. If, therefore, it can be shown that stimulation of these nerves is ineffective after injection of atropine, then evidence has been obtained which indicates that the augmentor nerves are cholinergic. The experiment shown in figure 14 illustrates this. The augmentor nerves in a septum of the oesophageal region were stimulated by means of fine silver-wire electrodes applied to the ventral aspects of the septum. The electrodes carried a 4 V alternating current drawn from a mains transformer and controlled by a 400 ohm potentiometer. Precautions against short circuiting were taken as described in a previous account (Millott 1943) . The pronounced rise in tone of the oesophagus produced by stimuli, such as those given at the first two signals, is abolished after injecting 0-05 c.c. of a 1:1000 solution of atropine (at third signal), as shown by the lack of response to repetition of the stimuli (at 4th and 5th signals).
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F ig u r es 14, 15. E vidence of cholinergic au g m en to r nerves. I n b o th cases electrical stim u latio n was achieved b y th e circuit described on p. 369. In the same way, if the effect of stimulating augmentor nerves is potentiated by eserine, there is further good reason to believe that the nerves are cholinergic. The previous communication has shown that the peritoneum lining the body wall of the earthworm is traversed by nerves which augment the tone of the gut. If, therefore, the effect of stimulating the peritoneum on the tone of the gut is in creased by injection of eserine, further indication of cholinergic augmentor nerves has been obtained. Figure 15 illustrates this; the rise in tone of the oesophagus produced by stimulating electrically the peritoneum lining the neighbouring body wall for 4 sec. (timed by stopwatch) is greatly enhanced in extent and duration, after the injection of eserine (2nd signal).
Again, if the existence in the earthworm of a substance which rapidly destroys acetylcholine can be shown, the indications of a cholinergic nervous system will be further confirmed. The following experiment affords such confirmation. An extract of the gut wall of a worm was made by grinding about 0-35 g. of the cleaned gut with clean sand and 1*5 c.c. Ringer. The filtered extract was allowed to stand with a 1:1,000,000 solution of acetylcholine (at pH 8-1) for f hr. The fluid was then tested for acetylcholine by a method based on that of Minz (1932) and Chang & Gaddum (1934) . A strip of the dorsal body-wall muscle of Hirudo medicinalis, previously eserinized (Fuhner 1918 a, b) ,was suspe 3-5 c.c. Ringer. The Ringer was continually oxygenated by a fine stream of air, and the bath was arranged so that the contained fluids could be readily withdrawn or renewed. Crystals of.physostigmine salicylate were added to the bath to make a concentration of about 1:100,000, and to allow the drug to exert its full effect, the preparation was allowed to stand for half an hour. The solution of acetylcholine, which had been mixed with extract of gut wall, was added to the bath. A control was performed in which the gut-wall extract was replaced by an equivalent amount of pure Ringer, and the effect on the same piece of eserinized leech muscle was deter mined. The results of the experiment are shown in figure 16 . The contraction produced by acetylcholine solution previously mixed with gut-wall extract (figure 16 A) was very small compared with that produced by the solution in the control experiment ( figure 16B ).
Thus a substance is present in the gut wall of earthworm which destroys the activity of acetylcholine.
A B F ig u r e 16. D em o n stratio n of cholinesterase. A, response of eserinized leech muscle to 1:1,000,000 acetylcholine previously in c o n ta c t w ith an e x tra c t of g u t w all; B, control experim en t w ith sam e m uscle in w hich g u t wall e x tra c t w as replaced by R inger.
Finally, the most convincing evidence rests on the fact that it is possible to extract from fresh whole earthworms a substance which possesses pharmacological properties strikingly similar to those of acetylcholine. The extract was prepared by the method of Chang & Gaddum (1934) , and tested by eserinized leech muscle as described above. Extracts were found to contain a highly active substance, 0-3 c.c. producing the powerful contraction seen in figure 17B . The following two tests show the close similarity between the effects of this substance and those of acetylcholine. First, the extract has no effect on leech muscle which has not been previously eserinized ( figure 17A ). Acetylcholine has a relatively weak effect on leech muscle untreated with eserine, which greatly increases its sensitivity (Chang & Gaddum) . Secondly, the activity of the extract was destroyed by previous mixture with fresh frog's blood, owing to the cholinesterase present in the blood ( figure 17C ).
Thus the indications of the experiments with acetylcholine, described in the early part of the account, are fully confirmed by the experiments just described, and there is now substantial evidence of cholinergic augmentor nerves passing to the gut via the segmental nerves and septa.
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D is c u s s io n a n d c o n c l u s io n s
The evidence just presented affords a clear indication of chemical transmission of nerve impulses to the alimentary muscles of earthworm.
Evidence of chemical transmission in invertebrates has already been brought forward by several workers: notably Gaskell (1914) in ; Bacq (1934 Bacq ( , 1935 Bacq ( , 1937 in Turbellarians, Nemertines, Annelids, Sipunculids, Molluscs, Echinoderms and Crustacea; Wells (1937a, b) in Arenicola; Wu (1939a, b) in Lumbricus; Welsh (1939) in Crustacea. It is noteworthy, however, that where evidence of cholinergic transmission has been described, it does not necessarily exhibit all the characters associated with this type of transmission in vertebrates. Thus Welsh (1939) has brought forward evidence of cholinergic transmission in Crustacea in which there is little or no cholinesterase in the blood (Simonart 1931; Bacq 1937) . The close similarity between the manifestations of chemical transmission in earthworm and ' vertebrates is therefore noteworthy.
In instances where there is evidence of adrenergic transmission in invertebrates, it has sometimes been associated with a specialized activity or system of the animal. Thus Gaskell (1914) showed that nerves which show signs of being adrenergic, play a vital part in controlling the specialized system of contractile coelomic channels ('blood vessels') in Hirudo, and Wells (1937) has shown that adrenergic nerves have a special significance in initiating the continuous oesophageal rhythm asso ciated with the characteristic flight reaction of Arenicola. Chemical transmission in earthworm has, as yet, shown no such special significance.
The most significant outcome of the foregoing investigation, however, is that it makes possible an even closer comparison between the systems of indirect control of alimentary tone in earthworm and vertebrates. The previous investiga tion (Millott 1943) has already shown that the gut of the earthworm, like that of a vertebrate, is indirectly controlled by two antagonistic groups of nerves, and there is now a clear indication that the two groups of nerves in earthworm, as in the vertebrate, are adrenergic and cholinergic.
It is very interesting to note that Wu (1939a) also comes to the conclusion that the gut of the earthworm is influenced by a system of antagonistic adrenergic and cholinergic nerves, but he restricts this type of innervation to the posterior portion of the gut, whereas in the previous account given by me (1943) , this double in nervation is shown to influence all regions of the gut behind the pharynx. From the description given by Wu of his experiments, it is clear that they are based on a conception of a segmentally arranged nerve supply to the gut which does not involve nerves in the body wall, previously shown by me to play a prominent part in the indirect control of the gut. He believes that the nerves arising from the ventral nerve cord reach the gut by a more direct route, viz. via the segmental nerves and septa and segmental blood vessels. No experiments are described in which stimulation of the segmental nerves individually, or the body wall, was undertaken, and consequently Wu was not able to demonstrate the separate action of the inhibitor and excitor nerves arising from the central nervous system, nor the separate action of the somatic nerve plexuses, described in my previous paper. He thus remains uncertain of the existence of inhibitor nerves to the pharynx and oesophagus, and since he does not obtain inhibition of these portions of the gut with acetylcholine or adrenaline, he concludes that if inhibitors do exist, their impulses are transmitted to the effectors by some other substance.
The foregoing experiments and the previous account show that such a con clusion is unwarranted, and that the nerves controlling the oesophageal tone are essentially similar in arrangement and function to those supplying the more posterior regions.
Despite the clearness of the resemblances between the type of indirect control of the gut in earthworm and vertebrates, it must be borne in mind that they exist as broad generalizations only, and that there are the many marked differences described in a previous paper (Millott 1943) . Much more experimental work on the control of other autonomic effectors must be performed before the similarities discovered can be given their true significance. It is hoped to undertake such work in the future.
